Abstract Recurrent laryngeal nerve (RLN) injury in neonates, a complication of patent ductus arteriosus corrective surgery, leads to aspiration and swallowing complications. Severity of symptoms and prognosis for recovery are variable. We transected the RLN unilaterally in an infant mammalian animal model to characterize the degree and variability of dysphagia in a controlled experimental setting. We tested the hypotheses that (1) both airway protection and esophageal function would be compromised by lesion, (2) given our design, variability between multiple post-lesion trials would be minimal, and (3) variability among individuals would be minimal. Individuals' swallowing performance was assessed pre-and post-lesion using high speed VFSS. Aspiration was assessed using the Infant Mammalian Penetration-Aspiration Scale (IMPAS). Esophageal function was assessed using two measures devised for this study. Our results indicate that RLN lesion leads to increased frequency of aspiration, and increased esophageal dysfunction, with significant variation in these basic patterns at all levels. On average, aspiration worsened with time post-lesion. Within a single feeding sequence, the distribution of unsafe swallows varied. Individuals changed post-lesion either by increasing average IMPAS score, or by increasing variation in IMPAS score. Unilateral RLN transection resulted in dysphagia with both compromised airway protection and esophageal function. Despite consistent, experimentally controlled injury, significant variation in response to lesion remained. Aspiration following RLN lesion was due to more than unilateral vocal fold paralysis. We suggest that neurological variation underlies this pattern.
Introduction
Recurrent laryngeal (RLN) nerve injury is a frequent complication of patent ductus arteriosus closure in premature human infants [1, 2] . Complications resulting from RLN lesion include unilateral vocal fold paralysis, stridor, and dysphagia of variable duration and severity [3, 4] . Prognosis is variable, ranging from a few months to several years for improvements to appear [5] . Incomplete understanding of the specific effects of iatrogenic RLN damage on the effectiveness of oropharyngeal and esophageal performance hampers treatment efforts. In particular, uncertainty about the degree of nerve injury (i.e., stretch, crush, sectioning) in patients means that the source of variation in response to nerve injury is unknown [6, 7] .
Infant feeding is a complicated behavior involving integration of multiple oropharyngeal structures innervated by several cranial nerves [8, 9] . Liquid food transport and swallowing must be carefully coordinated and controlled to ensure safe passage of the food bolus into the esophagus without compromising the airway [10] . Sensory inputs upstream (i.e., from the oral cavity and oropharynx) can modify effectiveness of airway protection [11] [12] [13] [14] . How sensory inputs from structures downstream of the swallow site, in particular the larynx, affect the mechanism of safe swallow remains unknown.
The RLN branch of the vagus nerve is classically thought to innervate all but one (cricothyroid) of the intrinsic laryngeal muscles that move the vocal folds. Thus, RLN lesion leads to inability to adduct or abduct the vocal folds, as cricothyroid can only tense them. The RLN also provides sensory innervation to the laryngeal mucosa below the vocal folds in humans [15] . The right and left recurrent laryngeal nerves follow different paths, with the right RLN looping around the subclavian artery, and the left RLN looping around the ligamentum arteriosum between the aortic arch and the pulmonary trunk.
Although RLN function is crucial in protecting the airway from aspiration through vocal fold adduction and initiation of the cough reflex [10] , neither its sensory nor motor functions are directly implicated in a safe, normal swallow. Less certainly, there is some evidence to suggest that it may innervate the upper esophageal sphincter muscles to a variable degree [16] . The effect of RLN damage on infant esophageal function, if any, is unknown.
In this study, we used a validated infant pig model to test the impact of complete unilateral RLN transection on oropharyngeal and esophageal performance. The infant pig model has been extensively developed and validated for the study of mammalian swallowing [17] [18] [19] [20] [21] . The behaviors being examined here (infant suckling and swallowing) are shared by all infant mammals [22] . Specific reasons to use the infant pig when considering the breadth of mammalian diversity include: a cheek with a buccinator muscle, a deep fleshy tongue, and tongue movements and head position in suckling infant pigs that are closer to humans of all ages than any other nonprimate species (i.e., non-lapping). Several other investigators use the infant pig as a model for studying swallowing problems [23] [24] [25] [26] [27] .
By performing controlled, consistent nerve transections, we aim to remove the confounding factor of degree of nerve injury as a source of variation, a major limitation of clinical retrospective studies. Our aim was to determine the severity and variation in swallowing impairment resulting from unilateral RLN lesion in a controlled, repeated experimental design. We hypothesized that (1) Both airway protection and esophageal function would be impaired by a complete unilateral RLN transection (2) Variation in timing and extent of dysfunction would be minimal: (a) within a feeding sequence (all swallows in one infant ''meal'') (b) over time within an individual, from lesion through acute assessment (48 h) (3) Variation among individuals with identical surgical procedures would be minimal.
Because of the use of an animal model, we were able to collect sufficient data to statistically assess performance at each of these hierarchical levels.
Materials and Methods

Experimental Procedures
12 infant pigs (Michael Fanning Farm, Howe, Indiana) were trained to drink milk mixed with barium from a bottle fitted with a pig nipple (NASCO Farm & Ranch, Fort Atkinson, WI). In an initial surgery to place markers and electrodes, the right RLN was identified in surgery and dissected to it distal entry into the larynx, and marked with loosely tied suture. In a subsequent lesion surgery, in order to prevent re-innervation of laryngeal muscle [28] , the recurrent laryngeal nerve was ligated and crushed with hemoclips in two places, and a 1-3 mm section of nerve removed between ligation sites. Nerve lesions were confirmed with post-mortem dissection at the end of the experiment. All surgery was performed under sterile conditions, with the animal intubated under anesthesia (2-5 % isoflurane). All protocols were reviewed and approved by the NEOMED Institutional Animal Care and Use Committee (13-011).
Before and after surgery, pigs were recorded drinking infant pig formula (Solustart Pig Milk Replacement, Land o' Lakes, Arden Mills, MN) mixed with barium in front of a fluoroscope (GE9400 C-Arm, 80 kV, 4MA). Fluoroscope images were recorded digitally at 100 fps (XC 1 M digital video camera, Xcitex corporation, MA). Pigs were allowed to feed unrestricted until they chose to cease feeding. We termed these long recordings ''complete feeding sequences''. Pigs were recorded before lesion, immediately postlesion surgery (2-10 h, when awake, standing, and with no remaining behavioral sequelae of anesthesia), 24 ± 6, and 48 ± 10 h post-lesion.
Assessing Swallow Safety and Esophageal Function
All swallows in each feeding sequence were scored using the infant mammal penetration-aspiration scale (IMPAS) [29] . IMPAS scores range from 1 (safe swallow) to 7 (silent aspiration), and represent progressively more severe instances of dysphagia (Table 1 ). All swallows were scored by a single investigator trained to use the scale following the guidelines in [29] . The investigator was blinded to treatment condition of pigs in the video sequences she scored.
No similar scale could be found for assessing esophageal dysfunction from videofluroscopic recordings. Thus, we developed and validated two potential measures of esophageal dysfunction. Failure of Esophageal clearance was defined as the persistence of milk in the upper esophagus following initial propagation of a contractile wave after the swallow (Fig. 1 ). Esophageal clearance was scored as a binary yes/no measure.
Proximal escape was defined as the retrograde movement of liquid back through the upper esophageal sphincter after a swallow (Fig. 2) . That is, if milk was seen to pass from the esophagus back into the oropharynx after initial movement into the upper esophagus, proximal escape was said to have occurred. Both of these measures were tested for consistency with cross validation of observer studies. Esophageal function scores were collected on the pre-lesion and 48 h post-lesion feeding sequences for all pigs.
Hierarchical Organization of Data
We collected a total of 2990 swallows across 12 animals. Each complete feeding sequence lasted between 11 and 215 s, and included 15 to 147 swallows per sequence. Each animal was recorded at four different time points, with an average of 62 swallows at each time point per animal. Thus, we assessed variation in performance, measured with an IMPAS score for each swallow (1) within a sequence; (2) among sequences over post-lesion time and (3) among individuals.
Units of Analysis
We did analyses at two levels of organization of the data, depending on the question being asked. For the analysis of within sequence variation, the unit of analysis was the individual swallow, and its associated IMPAS score. This is because sequences consist of individual swallows. For the analysis of between sequence variation at all levels (between time points, and between pigs), the unit of analysis was the sequence (meal), because the differences among individuals or time points can be measured by the set of swallows that make up a sequence. The value of this latter organization is an increase in power and distribution [30] . In this case, the average IMPAS score per sequence was used. When averaged, IMPAS no longer indicates a specific type of swallow, but becomes a measure of poorness of airway protection. Low average IMPAS indicates good airway protection. High average IMPAS indicates poor airway protection.
The unit of analysis for the esophageal function analysis was the individual swallow.
Statistical Analysis
Percent occurrence of each IMPAS level was calculated for each sequence, and differences between percent occurrence at the four different time points analyzed using a repeated measures design to account for inter individual variation [31] . Post hoc contrast tests using a C-matrix of planned comparisons were used to test the specific hypotheses of difference between percent occurrence pre-lesion and average percent occurrence post-lesion, and between percent occurrence pre-lesion and each post-lesion time point [32] . Pre-and post-lesion differences in successful esophageal clearance were tested using two way v 2 tests among all pigs and between pigs to examine differences in individual variation. Proximal escape was too rare an event to be analyzed using v 2 . The relationship between esophageal function and swallow safety was assessed separately in lesioned and unlesioned pigs using v 2 tests. We tested the variation within and between the different hierarchical levels using a numbers of different approaches. The variation in the clustering of IMPAS scores within sequences was tested using runs tests of safe (1-2) versus unsafe (3-7) swallows, and of aspiration (5-7) versus nonaspiration (1-4) swallows. We examined variation among individuals over time by plotting average IMPAS score versus coefficient of variation (CV) for each individual at each time point, which gives a graphical representation of severity of performance failure and variation in performance. We examined the patterns both among individuals through time, and within individuals through time. Individual trajectories for changes in either average IMPAS score or the CV of IMPAS score over the four time points was measured by fitting a linear regression to the either average score or to CV. If the slope was significantly different from 0, then the individual was judged to have a relationship between either average or CV over time. All analyses were performed in Systat 13 (Systat Software, Inc., San Jose, CA).
Results
Variation Within a Sequence
Within most single feeding sequences, all values of IMPAS scores occurred, except for 5 and 6 which were never observed for any animal. Variation in the pattern of IMPAS scores varied highly among sequences (Fig. 3) .
Within sequences, 36 of 45 sequences had significant runs of safe (IMPAS 1 or 2) vs. unsafe (IMPAS 3-7) that differed from random. 25 of 45 sequences had significant runs when comparing scores of 7 (aspiration) to scores less than 7. These patterns occurred most frequently at the 48 h time points (Table 2) .
Effect of Lesion and Time Post-lesion on Swallowing Safety
In a repeated measures analysis, there was a significant increase in percentage of aspiration events in a feeding sequence at different time points [F(3,21) = 4.205, p = 0.018]. Mean percent aspiration increases gradually from control to 48 h post-lesion (7.46, 19.75, 26 .09, and 38.44 %, respectively). However, standard deviation also increases (9.14, 23.1, 21.98, and 32.31, respectively). Post hoc contrasts between time point one (control) and each of the three lesion time points were only significant in the comparison of controls with the last post-lesion time points (48 h post-lesion) (p = 0.031) with a large effect size (Cohen's D = 1.304) (Fig. 4) .
The increase in percentage of aspiration events was not associated with a change in penetration events (entry of milk into the airway above the vocal folds). The percentage of all penetration events occurring in a sequence (scores of 2, 3 and 4 in the IMPAS scale) was summed within a sequence. Repeated measures analysis showed no change [F(3,21) = 2.489, p = 0.062] (Fig. 5) .
Esophageal Performance
There was a significant increase in the occurrence of failure of esophageal clearance events pre-and post-lesion (Pearson v 2 = 6.404, p = 0.011). Proximal escape through the upper esophageal sphincter was an infrequent event pre-and postlesion (12.1 vs. 15.3 % of cases, respectively), and did not change significantly in frequency (p = 0.156).
To test whether failure of airway protection and failure of esophageal clearance were linked, v 2 test of IMPAS score and esophageal clearance scores were conducted separately Fig. 2 Proximal escape. In a normal swallow, there is no milk proximal to the upper esophageal sphincter (UES) after a swallow (a). In proximal escape (b), fluid returns back through the UES after a swallow in lesion versus control conditions. No significant relationship between IMPAS score and esophageal clearance was found pre-lesion (p = 0.50), however the relationship postlesion was significant (p \ 0.001).
Variation Among Individuals Over Time
The relationship between the average IMPAS score and the coefficient of variation of the IMPAS score differed among individuals, over time post-surgery, and the interaction between individual and time. Most individuals at time 0, or control feeding, had both low coefficient of variation and low average IMPAS (Fig. 6 pre-lesion) . Immediately postlesion the coefficient of variation increased in many individuals, and the average increased in a few (Fig. 6,\12 h) . At 24 and 48 h, animals had either high average IMPAS and low variation, or lower average IMPAS and higher variation (Fig. 6, 24 h and 48 h). Individuals followed one of three different paths through this average/CV space. 5 of 12 individuals (Fig. 7a ) increased their average IMPAS over time but did not increase variation. 3 of 12 ( Fig. 7b) did not increase the average IMPAS, but increased the coefficient of variation. The remaining individuals did not increase either the average or the CV of their IMPAS score (Fig. 7c) . No individuals had an increase in variation, and then an increase in average severity, or vice versa (i.e., average severity increased, then variance).
Discussion
RLN Lesion Compromises Swallowing Safety and Feeding in Infants
Premature infants with patent ductus arteriosus often present with multiple co-morbidities [1] , and often have delays in sensory-motor development [33, 34] . Thus, it is often difficult to isolate the etiology of the conditions that affect them. In this study, we showed that RLN lesion is sufficient to induce significantly impaired airway protection and upper esophageal sphincter function. RLN lesion leads to unilateral vocal fold paralysis, which results in inability to close the larynx (as the vocal folds close during a normal swallow [10] ). This could be sufficient to explain the incidence of aspiration after RLN lesion, via an open airway. However, multiple lines of evidence from our results indicate this is not the case. It should be noted that loss of the posterior cricoarytenoids also prevents vocal fold adduction, with a resultant possibility of midline paralysis and breathing impairment. This would have the paradoxical consequence that airway protection during swallowing may not actually be compromised by loss of vocal fold function. Further, we suggest that the functional impairment was the result of disordered function of the oropharyngeal apparatus.
Firstly, the delay in onset in severe aspiration suggests that a simple failure of glottal closure is not responsible. Vocal fold hemiparalysis is an immediate result of RLN lesion [15, 35] . Thus, we would expect an immediate increase in aspiration events post-lesion if this were the primary mechanism driving the failure of airway protection. This was not observed. Secondly, if aspiration resulted only from failure of vocal fold adduction, then we would predict an increase in aspiration being associated with a decrease in penetration IMPAS scores, as milk entering the upper airway passively leaks through the open rima glottis into the trachea. Thus, swallows that in an intact pig would have been scored as penetrations (with milk prevented from entering the lower larynx by the vocal folds) would in lesioned pigs be scored as aspirations (as the physical barrier of the vocal folds would be removed, allowing milk into the airway). However, these results showed no decrease in penetration associated with an increase in aspiration. Thirdly, our finding of a correlation between failure of airway protection and failure of esophageal function post-lesion supports the occurrence of broader changes in sensory-motor coordination of the oropharyngeal system.
The delay in onset of increase in aspiration frequency was an unexpected finding of this study. However, it is a consistent result in our findings that aspiration is worst 24-48 h post-lesion. Given, on the one hand, the evidence that post-lesion aspiration is the result of active changes in the physiology of swallowing (as detailed above) and on the other that we detect three different patterns of change post-lesion among individuals, we hypothesize that neurological changes in the sensory-motor integration of swallowing are responsible for this delay. However, it is also possible that this delay reflects individual learned behavior in response to abnormal sensation following lesion. This hypothesis will be tested in future experiments. 
Variation in Response Occurs Even When the Injury is Consistent
The role of variation in the severity of nerve lesion in the variation in severity of dysphagia symptoms following iatrogenic RLN damage is debatable [15, 35, 36] . Our results conclusively show that variation in the response to RLN lesion existed even when the lesion is consistent and complete. Furthermore, the large sample size and hierarchical design of this study showed that variation was found at all levels (within feeding sequences, within individuals, between time points). Thus, although RLN lesion always led to increased incidence of aspiration, the degree and manner in which this manifests varied at all levels of our data.
Variation in resting position of the impaired vocal fold (abducted, midline, or adducted) is known to occur postlesion, which may have an impact on the function of the larynx. However, this has been little studied in the clinical literature. Both work on breathing [37] and dysphagia [38, 39] are inconclusive with regard to the effect of resting position of the paralyzed vocal fold on impairment.
We hypothesize that interindividual neurological variation was at the root of the observed differences. The different patterns of change in variation of IMPAS versus average IMPAS score through time suggest that individuals respond to the loss of RLN sensory and motor function in different ways, reflecting differing amounts of functional impairment despite consistent lesion. Similar variation in oropharyngeal function following sensory lesion exists in the qualitatively distinctive responses to palatal anesthesia in infant pigs [13] . Further work is needed to test these hypotheses against other physiological mechanisms (such as differing inflammatory responses), and to test whether differences lie in central connectivity or peripheral overlap of innervation fields. There are significant anatomical anastomoses between right and left recurrent laryngeal nerves, as well as between RLN and SLN [40] . The functional significance of these is unclear, but innervation (both sensory and motor) of the laryngeal mucosa and muscles may show significant variation from the textbook example.
Limitations of the Study
Limitations of our equipment did not allow us to do videoendoscopy to visually confirm unilateral vocal fold paralysis, the gold standard for identifying symptomatic RLN damage. However, in no post-mortem dissections was there any ambiguity regarding whether the RLN was indeed transected. Given the uncertain degree of right to left crossover in the innervation of the larynx, it is possible that vocal fold function may not have been fully compromised in both cases. Thus, some of the variation we observe may be due in part to unmeasured variation in the degree of vocal fold impairment.
Our study demonstrated that airway protection and swallowing performance are decreased by recurrent laryngeal nerve lesion. However, beyond being able to rule out passive flow of milk through an open rima glottis, we cannot with these data identify the mechanism of performance failure, and the source of the variation we have found. Further analysis of kinematic and electromyographic data collected during these experiments will hopefully improve understanding of the cause of the patterns we describe here.
Clinical Relevance
Although anatomical differences exist between pigs and humans, these are less in infants that retain an intranarial larynx, and feed in a more horizontal position. RLN lesion resulted in varying patterns of aspiration severity. The patterns of variation documented here have several implications for clinical treatment of human patients with dysphagia resulting from RLN damage. The extent of RLN damage is not the only consideration in attempting to improve prognosis. Specifically, individuals may respond to lesion either by consistent worsening of swallows, or by reduced consistency (increased variability) in airway protection. Moreover, this work indicated that dysphagia may not be evident immediately post-insult. Furthermore, it is noteworthy that all time intervals, aspiration was silent during feeding, and thus could only be assessed through fluoroscopy. Individuals showed no clear changes in feeding behavior, even after 48 h when significant amounts of fluid were aspirated. More generally, individuals continued to put on weight and thrive throughout the duration of the experiment. Interindividual variation within and between feeding episodes suggests that minimal swallowing assessments may not in all cases adequately capture the severity of the dysphagia. Finally, this work showed that infant feeding difficulties may manifest in esophageal problems as well as airway protection failure post RLN damage. This research also informs the design of retrospective and enrollment studies of pediatric dysphagia in infants undergoing PDA surgery.
